Generating appropriate motor commands is an essential brain function. To achieve proper motor control 2 in diverse situations, predicting future states of the environment and body and modifying the prediction 3 are indispensable. The internal model is a promising hypothesis about brain function for generating and 4 modifying the prediction. Although several findings support the involvement of the cerebellum in the 5 internal model, recent results support the influence of other related brain regions on the internal model. 6 A representative example is the motor adaptation ability in Parkinson's disease (PD) patients. Although 7 this ability provides some hints about how dopamine deficits affect the internal model, previous findings 8 are inconsistent; some reported a deficit in the motor adaptation ability in PD patients, but others 9 reported that the motor adaptation ability of PD patients is comparable to that of healthy controls. A 10 possible factor causing this inconsistency is the difference in task settings, which yield different cognitive 11 strategies in each study. Here, we demonstrate a larger, but not better, motor adaptation ability in PD 12 patients than healthy controls while reducing the involvement of cognitive strategies and concentrating 13 on implicit motor adaptation abilities. This study utilizes a smart-device-based experiment that enables 14 motor adaptation experiments anytime and anywhere with less cognitive strategy involvement. The PD 15 patients showed a significant response to insensible environmental changes, but the response was not 16 necessarily suitable for adapting to the changes. Our findings support compensatory or paretic cerebellar 17 functions in PD patients from the perspective of motor adaptation.
Introduction
. Attributes of the participants. The "p-values" in this table indicate the p-values from a two-sample t-tests between the PD patients and the elderly individuals. "M" and "F" under sex indicate male and female, respectively. All the values in this table denote the means ± standard deviations. The PD patients were outpatients satisfying the following inclusion criteria. The elderly individuals
PD patients Elderly individuals p-value Young individuals
The subjects participated in 20 practice trials and 80 learning trials. In the first 20 practice trials, the target position was pseudorandomly set to either 60, 75, 90, 105, or 120 degrees without any visuomotor rotation (90 degrees indicated the 12 o'clock position on the tablet display). In the following 80 learning trials, the target position was fixed at 90 degrees. The learning trials were divided into two parts. In 143 the first 40 learning trials, the subjects experienced gradually increasing and vanishing clockwise (CW) 144 perturbation. In the latter 40 trials, the subjects underwent counterclockwise (CCW) perturbation.
145
Half of the participants experienced the CW perturbation first, and the other half of the participants 146 experienced the CCW perturbation first. No subjects were aware of the existence of the perturbation.
147
The experiment typically took less than 30 minutes. The learning effects were evaluated depending on the movement angles of the cursor when the velocity 150 on the y-axis reached its peak value (Fig. 1B 
quantify the trajectories, we calculated the trajectory error as the sum of the lateral deviations within 192 each trial:
indicates the x-position in the display coordinate system at 193 the f th time frame and T indicate the total number of time frames within the trial. We calculated these 194 five variables (i.e., ∆ * i , A i , ϕ i , RMSE i , and TE i ) throughout the current study. 
207
We defined the learning effects as the movement angle at the time when the velocity along the y-axis 208 took its peak value in each trial. Because we focused on the adaptation to the visuomotor rotation 209 for which the subjects needed to compensate for the perturbation in the movement angles, the angles 210 were typical values for the discussion of motor adaptation. The movement angles are thus referred to as 211 learning effects hereafter. The angles of visuomotor rotation p t at the tth trial or visuomotor rotation 212 itself are referred to as perturbations hereafter. Although the adaptation to the perturbation can consist 213 of an explicit component (i.e., cognitive ability) and an implicit component (i.e., adaptive component in 214 motor domain) [8, 9] , we instructed the participants to aim at the target straightforwardly, which enabled 215 us to exclude the explicit components [8, 9] . In addition, no participant was aware of the existence of the 216 perturbation, suggesting that the following results mainly consisted of implicit components rather than 217 explicit components.
218
The learning effects showed between-trial variation depending on the between-trial varying perturba-219 tion (Fig. 1C ). The shaded area in Fig. 1C denoted the trial numbers (trials 12-35) when the learning 220 effects of PD patients were significantly different from 0 (t-test p<0.01 [corrected]). We compared the 221 learning effects averaged across the trials denoted by the shaded area in each subject (Fig. 1D) However, there was not a significant difference in the learning effects between the elderly individuals and 227 the young individuals (p=0.8050). In summary, the PD patients had learning effects approximately 20% 228 larger than the those of the elderly individuals and those of the young individuals in these measures.
229
In contrast to the learning effects, there was no group effect (F(2,51)=1.35, p=0.27) and no significant 230 difference among the three groups (p>0.28) in the RMSE (Fig. 1E) , the error between the learning effects 231 and the perturbation (a detailed definition of this metric is in the Methods section). These results indicate 232 that the PD patients showed more substantial learning effects than the elderly individuals and the young 233 individuals but a comparable ability to minimize the RMSE.
234
To further study the learning effects, we decomposed the learning effects into three components: the 235 amplitude A, to quantify the magnitude of the response to the perturbation; the phase ϕ, to quantify the 236 similarity between the learning curves and the perturbation; and the temporal delay ∆, to quantify the 237 temporal sensitivity of the response to the perturbation.
238
For the amplitude measurement ( Fig. 2A) , there was a significant group effect (F(2,51) = 6.76, For the delay (Fig. 2C) , there was a significant group effect (F(2,51) = 3.62, p=0.034), no signifi- 
